; flow occurs when cage distortion by shear allows for particles rearrangements 5, 15 . They also present strong differences with simple liquids: their liquid state is characterized by a complex nonlinear, usually shear-thinning, behavior 1,11 , the origin of which is still a matter of discussion 9, 16, 17, 18 ; it may involve speeding up of structural relaxation by shear 4, 16 and elastic coupling between rearrangement zones 18 .
Most models, simulations and experiments consider the case of simple shear, which involves only scalars variables -the shear stress and the shear rate -. Generally 3D formulations of constitutive equations, essential for the description of complex flows in practical situations, cannot directly be inferred from these results. Besides, a better understanding of the structure of soft glassy materials and its link with flow properties might be gained by focusing on their 3D rheological properties. E.g., the 3D yield criterion is closely related to the shape of the energy landscape in which their elements are trapped, while the 3D resistance to shear at the neighbourhood of the jamming transition might provide an insight in their structural relaxation.
In this work, in the aim of investigating their 3D behaviour, we unjam soft glassy materials in a given direction and observe their behaviour in an orthogonal direction. We focus on three systems of different structures: an emulsion, a physical gel, and a colloidal gel (see Methods).
With these systems, we have different physical origins of unjamming: droplet deformation (emulsion), blob squeezing (physical gel), contact breaking (colloidal gel), these different effects leading to collective rearrangements and flow.
We first use spheres of radius R (much larger than the size of fluid elements) embedded in the sheared soft glassy materials to probe their structure in the direction orthogonal to shear.
More precisely, our experiments (see Methods) consist in shearing the material horizontally in a Couette geometry and observing the possible vertical motion of solid particles under the action of gravity, thanks to a density mismatch ρ Δ between the particles and the material (Fig.1a) . For small ρ Δ , when the fluid is at rest the beads do not move, the gravity minus buoyancy force is not sufficient to break the jammed structure 19 . In contrast, when we shear the fluid and unjam it in the horizontal plane, the beads start moving perpendicularly at a constant velocity V (Fig.2, Supplementary Fig.1 ).
The first important result is that the sedimentation of particles that were stable at rest is induced by shear: the orthoradial shear unjams the system in both the orthoradial and the vertical direction whatever the shear intensity. Moreover, we observe that the sedimentation velocity strongly increases, i.e. the drag force decreases, when the shear rate in the main direction increases (Fig.2) ; it also increases with the particle diameter and when the yield stress is decreased (Fig.2) . In other words, the material seems to behave like a liquid with no yield resistance to flow in the vertical direction, and that is less and less viscous as it moves away from the jamming transition.
To understand these features, we performed experiments in more controlled conditions. We developed a new test (see Methods) in which we impose at the same time a shear flow and a squeeze flow (Fig.1b) , and measure the material's resistance to both flows. These two flows involve independent components of the strain rate tensor ij d , so that we can characterize in detail the response to a secondary flow. The material is set up between two parallel disks. The Our experiments start by imposing a decreasing rotational shear rate ramp without squeezing motion ( 0 Γ = ). In that case we obtain the typical flow curve of soft glassy materials in simple shear, namely a shear thinning behaviour tending to a plateau at low shear rates (Fig.3) .
The plateau level corresponds to the yield stress below which the material remains jammed.
Then we start again the test, but now we impose an additional squeeze flow at constant squeeze shear rate 0 Γ ≠ . In that case the flow curve is superimposed to the previous one (without squeezing) at high shear rates only i.e. when the rotational shear flow is dominant ( Γ << γ , Regime 1) (Fig.3) . At low shear rates, when the squeeze flow becomes dominant ( Γ >> γ , Regime 2), the new flow curve starts to depart from the previous one and the shear stress decreases strongly below the yield stress. A remarkable result is that in this regime the flow curve tends to follow a line of slope 1 in logarithmic scale at any observable rate, typical of a Newtonian behaviour (Fig.3) . Moreover the viscous regime occurs for lower γ and is characterized by higher apparent viscosity when Γ is decreased. Similar features (not shown) were observed when studying the resistance to the squeeze flow: when the shear flow is dominant, the resistance to the squeeze flow is that of viscous fluid. This observation is critical as it further supports the generality of the subsequent theoretical analysis, independently of some specificity of the flows. In addition, we checked that these effects were not due to an experimental artifact such as wall slip. Remarkably, these data are well fitted to the 1 Γ curve. Note that due to the complex flow involved (see Methods) the factor close to 1 here observed is only due to our specific choice of the (constant) factors in the characteristic shear rate expressions. Anyway, this shows that, close to the jamming transition, the viscous resistance to the secondary flow is simply controlled by the apparent viscosity experienced in the main flow, i.e. when Γ >> γ we have
These results now allow analyzing quantitatively the sedimentation experiments: they suggest that the vertical drag force is that for a sphere moving through a Newtonian fluid of viscosity η equal to that experienced by the fluid in the (dominant) horizontal simple shear. To test this prediction, we scale the measured sedimentation velocity by These results make it possible to deduce the form of the 3D constitutive equation of soft glassy systems. In the liquid regime, the material has a similar apparent viscosity in the different directions when the flow in a given direction is dominant. This suggests that the stress tensor under such conditions takes a form analogous to that for a Newtonian fluid: ( )
This expression is in good agreement with our observations: it predicts that for a dominant squeeze flow, near the jamming transition, the resistance to the rotational shear is characterized by a purely viscous stress that reads
The constitutive equation of soft glassy systems also includes a yielding criterion associated with unjamming, which marks the transition from the solid to the liquid regime. In a pure simple shear this transition occurs when the shear stress τ becomes larger than a single scalar c τ (the yield stress), but the above data show that as soon as the material is unjammed in one direction it is unjammed in another direction. This suggests that the 3D criterion for unjamming involves some distance of the stress tensor from a critical value. In this context, the most natural approach consists in using for this distance the sum of the squares of the shear stress components 2. It is remarkable that the same plasticity criterion is found in soft glassy materials as in most usual crystalline solids 14 , while the microscopic plasticity mechanisms seem radically different 5 . However, a yield criterion implying
is not unexpected from a pure rational mechanics 22 point of view under the (unobvious) hypothesis that the material is isotropic at yield (which implies that the yielding criterion is a function of the three invariants of the stress tensor 23 ) and in the absence of normal stress differences. ; the nonlinear scaling of D with γ observed by others 4, 27 , consistent with the alpha relaxation time measurements 4 and with theoretical predictions 29 , may be due to the fact that the diffusion coefficient considered in these studies is that of the materials constitutive elements, which do not probe the macroscopic behaviour.
Our results finally show with new quantitative results that there are striking similarities between the structural relaxation driven by shear, temperature, and density at the approach of the jamming transition. The flow curves of Fig.3 are actually remarkably similar to those observed in colloidal suspensions 15, 30 and predicted in mode coupling theories 16, 30 (MCT) when varying the volume fraction φ of colloids near that of the colloidal glass transition g φ .
When < g φ φ , colloidal suspensions have a Newtonian behaviour below a low critical shear rate ( ) c γ φ , whereas they have the same shear-thinning behaviour as the colloidal glass at higher shear rates 15, 16, 30 . This Newtonian behaviour is observed when the timescale for the diffusion of the particles out of their cages is smaller than the typical flow timescale 16 1 γ . As a consequence, c γ decreases strongly as φ approaches g φ , similarly to our observations when varying the squeeze shear rate Γ . Similarly, a high viscosity plateau is found at lower and lower shear rates when the temperature of metallic glasses is decreased 31 . Overall, MCT thus seems to be a very good candidate for general modelling of the jamming transition in all glassy systems, and to account properly for the effect of shear. In particular, it is remarkable that our finding of a Von Mises jamming criterion is consistent with very recent MCT findings 32 . However, one still has to test MCT predictions in view of our observations and of the 3D constitutive law we propose.
METHODS

MATERIALS PREPARATION
The emulsions used in the shear-induced sedimentation experiments are prepared by The material is loaded in a Couette geometry, the dimensions of which are: inner cylinder radius 4.1 cm, outer cylinder radius 6cm and inner cylinder height 11 cm. Sandpaper of roughness equivalent to the particles size is glued on the walls to avoid wall slip. The suspension is sheared at constant macroscopic shear rate, and the particles vertical velocity is obtained thanks to the evolution in time of the spatial distribution of the particle concentration measured through Magnetic Resonance Imaging (MRI) techniques. The MRI set up was described in detail elsewhere 34 . The particle volume fraction can be obtained both in the radial and vertical directions from density imaging 34 with an accuracy of 0.3%. Since the shear distribution within the gap of a Couette geometry is heterogeneous it is crucial to impose a large rotation velocity to avoid shear localization. Moreover, we measure the vertical concentration profiles in a 0.8mm thick layer in the middle of the gap to obtain information on particle motion in a zone of approximately homogeneous shear rate. This last shear rate is obtained locally through MRI thanks to the velocity profile measurement 34 .
At rest, the particles appear to remain indefinitely in their initial position ( Supplementary   Fig.1 inset) : there is no observable difference between the vertical concentration profiles measured after loading and after a 24 h rest.
Then we start shearing the materials by rotating the inner cylinder at a given rotation velocity Ω between 20 and 130 rpm (corresponding to a shear rate ranging from 4 to 25 s -1 ). While the particles are stable at rest, we observe that there is sedimentation when the material is sheared. The sedimentation profiles show classical features of sedimentation in Newtonian fluids ( Supplementary Fig.1 ): the upper part is at a 0% concentration; the bottom part remains at the initial 5% concentration (note that the particles tend to accumulate out of the measurement window, below the inner cylinder, which explains that the concentration in the lower part of our profiles does not change); the transition zone between these two parts is rather narrow (with a typical thickness of 6mm), and defines a sedimentation front that moves regularly towards the bottom as the flow duration increases. We observe that this front moves linearly in time ( Supplementary Fig.1 ), defining a constant front velocity V that is identified with the individual particles sedimentation velocity.
COMBINED ROTATIONAL SHEAR AND SQUEEZE FLOWS EXPERIMENTS
A constant volume of material (typically 0.7 ml) is inserted within the gap of a parallel disk geometry of a Kinexus rheometer (Malvern Instruments) so as to partially fill the gap (initial height 0 h =1.1 mm). The material is then sheared by rotating the upper disk around its axis at a rotational velocity Ω , and at the same time it is squeezed by moving the upper disk towards the other at controlled velocity V (Fig. 1) . We record the torque T exerted onto the axis of the upper plate and the normal force F exerted on the upper plate. Due to the squeeze flow, the material geometric characteristics change in time. In the following analysis, the relationships between the shear stresses and shear rates and the macroscopic quantities thus involve the instantaneous material outer radius R(t) and thickness h(t). . Again, it may be shown that there is a relationship between Σ and Γ via a function depending only on the intrinsic material behavior 23 . Thus, in this paper, we simply follow these quantities, namely τ and γ for the rotational shear flow and Σ and Γ for the squeeze flow. Note finally that the critical stresses for solid-liquid transition are here associated with the stress plateaus observed beyond a critical deformation for very low flow rates 11 . Under these conditions, there are no radial stress heterogeneity issues since at the stress plateau the whole material is at yield. For the consistency of the mechanical characterization of our materials, we thus chose to use ). Note that in some systems sedimentation velocities at the highest shear rates tested are larger than the plateau value evidenced here, an effect likely due to non-Newtonian effects (such as normal stresses) on sedimentation 21 , which is out of the scope of our study. .
During this test
